The Booster Dipole Lamination
A scale drawing of the Booster dipole lamination is shown in Figure 1 .
Here the pole width is 254 mm. The distance from the pole to the backleg is 121 mm. The width of the backleg is 133 mm. The vertical gap between the poles is 82.55 mm. The shims on the poles are 19 mm wide and the vertical gap between them is 77.75 mm. The height of the lamination is 596.55 mm and the height of the H-shaped opening is 330.55 mm. The brown rectangles indicate magnet coils. G10 insulating strips are indicated by the thin green rectangles. The thin pink rectangles indicate trim windings.
Top View of the Dipole
A top view of the Booster dipole is shown in Figure 2 . Here the beam direction is from left to right. The horizontal and vertical axes give the x and y coordinates on the magnet midplane. The units are meters. The radial and azimuthal coordinates are defined by x = r sin θ, y = r cos θ.
(
The line x = 0 bisects the magnet. The magnetic length is L = 2.42 m (2) and the bend angle is θ B = 2π/36.
The dotted black curve is the nominal trajectory of circulating beam on the midplane; it is a circular arc with radius-of-curvature ρ 0 = L/θ B = 13.8656 m.
The center of curvature is the point x = 0, y = 0. As noted by Bleser [1] the centerline of the dipole is actually displaced radially outward by 0.18 mm with respect to the nominal trajectory. The practical consequences of this are negligible and we shall assume that the centerline and nominal trajectory coincide. The red lines and curves show the perimeter of the magnet iron. The left and right edges of the magnet iron lie on the lines
where θ 2 = 9.5763 degrees as given by Bleser [1] . The gray curves are the projections of the walls of the vacuum chamber onto the midplane; these are 82.55 mm from the magnet centerline. The black curves are the projections of the pole and backleg boundaries. Those closest to the centerline mark the pole boundaries; they are 127 mm from the centerline. The outer black curves mark the backleg boundaries; these are 248 mm from the centerline.
Magnetic Field on the Midplane
Using the dimensions of the lamination, Wuzheng Meng has calculated the field on the dipole midplane. This was done using the Opera code with the assumption that the field is independent of azimuthal coordinate θ. A plot of the field as a function of radius is shown in Figure 3 . Here the blue curve gives the field in units of the field B c at the center of the magnet. The horizontal axis gives the radial distance from the projection of the pole edge on the midplane. The units are mm. The black lines at 0 and 121 mark the pole and backleg edges. The dotted line at −127 mm marks the center of the magnet; the red line at −44.45 mm marks the vacuum chamber wall. Numerical integration of the equations of motion using this field gives the trajectory of the H-minus beam on the midplane of the C5 dipole.
Following is a list of the field data obtained by Meng. The first number in each pair is the radial distance from the magnet centerline in cm; the second number is the midplane field in Gauss. 
Magnetic

LTB Centerline in the C5 Dipole
The position of the LTB (Linac To Booster) centerline in the C5 dipole is given by Bleser [1] and is shown in Figure 4 . Here the beam direction is from left to right. The dotted violet line is the centerline; it's angle with respect to the x axis is θ 4 = 11.88573 degrees. The equation of the line is
where m = − tan θ 4 , b = 13.939951 m.
The x and y coordinates of the entrance to the dipole along the centerline are defined to be
where W L = 0.762 m is the width of the dipole lamination.
Note that the LTB centerline intersects the inside wall of the vacuum chamber 10.7 inches upstream of the downstream end of the C5 magnet iron. Other possible neutral beam trajectories in the C5 dipole are shown in Figure 5 . Here again the dotted violet line is the centerline. At the upstream end of the magnet, the solid violet lines are displaced 20 mm from the dotted line. The lower (upper) line has angle −2 (+2) mrad with respect to the dotted line. These lines intersect the inside wall of the vacuum chamber 17.1 and 3.6 inches upstream of the downstream end of the magnet iron. This gives some idea of where neutral hydrogen atoms coming down the LTB line may hit the C5 vacuum chamber.
H-minus Trajectory by Numerical Integration
where s is the distance along the H-minus trajectory and the primes denote differentiation with respect to s. Then the equations of motion on the midplane are [2]
where
and
Here e is the proton charge, p is the particle momentum, B(x, y) is the field on the midplane, B c is the field at the center of the magnet and
The ratio B(x, y)/B c is given by Meng's data. These equations can be integrated numerically to obtain the particle trajectory. Employing the fourth-order Runge-Kutta method [3, 4] we obtain the trajectory shown in Figure 6 . Here the H-minus beam enters the C5 dipole along the LTB centerline. The field in the channel through the backleg is assumed to be zero, so the trajectory follows the LTB centerline until it enters the region between the pole and backleg. It then follows the curved path shown in blue in the figure. Here we have assumed that p and B c are such that
The blue curve ends at the magnet exit defined by the line
Below this line the field is assumed to be zero. At the magnet exit we find 
6 Transport to the Injection Foil
At the C5 dipole exit we transform to coordinates appropriate for the C6 straight section. The centerline of the straight is perpendicular to the line θ = θ B /2 and the transformation is
Using (16) we then have at the magnet exit
We also have
The drift length from the exit of the C5 dipole to the H-minus injection foil in the C6 straight is
as given by Bleser [1] . Tracking the H-minus trajectory through the drift gives position and angle (with respect to the C6 centerline)
at the injection foil.
Now let X 0 and X 0 be the position and angle of an H-minus particle with respect to the LTB centerline at the entrance to the C5 dipole. Tracking the particle through the C5 dipole as in the previous section and then tracking through the drift to the foil we obtain the positions and angles listed in Table 1 . 
Dispersion at Injection Foil
The calculations of the previous two sections were carried out with ρ c /ρ 0 = 1. If we carry them out with ρ c /ρ 0 equal to various values close to 1 then we can obtain the dispersion of the H-minus beam at the injection foil. We have
and Here we see that for ∆p/p 0 = 0.01 we have
This gives the dispersion at the foil due to transport of H-minus beam through the C5 dipole.
Hard Edge Approximation
Consider the region on the midplane with radial and azimuthal coordinates such that
Here W P = 254 mm is the pole width and the pole edges are at radii r = ρ 0 ± W P /2. The parameter d gives the radial distance from the pole edges to the limits r = ρ 0 ± H. As an approximation we assume that the field everywhere in this region is equal to the field B c at the center of the magnet. The radius-of-curvature for particle motion in the region is
where p is the particle momentum. Outside the region the field is assumed to be zero. The radii r = ρ 0 ± H define the hard edges of the field. Under these assumptions the incoming H-minus beam follows the LTB centerline until it encounters the hard edge of the field at radial coordinate r = ρ 0 + H. At this point the beam begins to follow a circular arc with radius-of-curvature ρ c . This continues until the beam reaches the magnet exit defined by the line
Below this line the field is zero and the beam follows a straight line to the injection foil.
Taking ρ c = ρ 0 and d = 37.7 mm we obtain the trajectory shown in Figure 7 . Here the dotted blue curves show the hard edges of the field. The drift length along the LTB centerline from the magnet entrance to the hard edge at r = ρ 0 + H is λ = 858.251 mm. At the intersection of the centerline with the hard edge, the trajectory has angle ψ = 76.4731 degrees with respect to the line perpendicular to the hard edge as shown in Figure 8 . This results in horizontal focusing (not defocusing!) of the H-minus beam. The trajectory follows the circular arc shown in blue in Figure 7 . The turning angle of the arc is φ = 6.72156 degrees. Tracking the trajectory through the drift between the magnet exit and the injection foil gives position and angle
at the foil. Comparing these values with those given in (25), we see that the hard edge approximation with d = 37.7 mm gives essentially the same trajectory as that obtained by numerical integration of the equations of motion using the field calculated by Meng. Table 3 lists the parameters λ, ψ, φ, X F , and X F obtained for various values of the hard edge parameter d. Figure 9 shows the trajectory of a proton which enters the C5 dipole along the LTB centerline. The proton travels along the centerline until it encounters the hard edge of the field. At this point it begins to follow a circular arc with radius-of-curvature ρ c . Taking ρ c = ρ 0 and hard edge parameter d = 37.7 mm we obtain the magneta curve shown in the figure. This curve intersects the inside wall of the vacuum chamber 21.0 inches upstream of the downstream end of the C5 magnet iron. This gives some idea of where protons coming down the LTB line may hit the C5 vacuum chamber. 
Linear Matrix for Transport of H-minus Beam through the C5 Dipole
The hard edge approximation allows us to write down a linear matrix for the transport of H-minus beam through the C5 dipole. In the horizontal plane the transfer matrix is [5] 
Here we take hard edge parameter d = 37.7 as before. This gives φ = 6.72156 degrees, ψ = 76.4731 degrees, and λ = 0.858251 m. The radius-of-curvature is ρ = ρ 0 = 13.8656 m. Note that the effect of the angle ψ at the hard edge of the field is to focus the beam in the horizontal plane.
Carrying out the matrix multiplications we have
Putting in numbers we have
In the vertical plane the transfer matrix is
Here the effect of the angle ψ at the hard edge of the field is to defocus the beam.
Transport to Foil using Linear Matrix
The linear matrix for the transport of H-minus beam from the C5 dipole entrance to the injection foil is
is the drift length from the dipole exit to the injection foil. The elements M ij are given by (38-40). Carrying out the matrix multiplication we have
Let X 0 and X 0 be the position and angle of an H-minus particle with respect to the LTB centerline at the C5 dipole entrance. Let ∆p be the deviation of the particle's momentum from the nominal momentum p 0 given by (26). Then the position and angle (with respect to the C6 straight section centerline) at the foil are
where X F 0 and X F 0 are the nominal position and angle given by (33). Table 4 lists the values of X F and X F obtained from (50) and (51) for various values of X 0 and X 0 with ∆p/p 0 = 0. These numbers are in good agreement with those obtained by numerical integration and listed in Table 1 .
For the case in which X 0 = 0, X 0 = 0, and ∆p/p 0 = 0.01 we obtain
which give the dispersion at the foil due to transport of H-minus beam through the C5 dipole. These numbers are in good agreement with those obtained by numerical integration and listed in (28). The dotted black curve is the nominal trajectory of circulating beam on the midplane; it is a circular arc with radius-of-curvature ρ = L/θ B = 13.8656 m. The center of curvature is the point x = 0, y = 0. As noted by Bleser [1] the centerline of the dipole is actually displaced radially outward by 0.18 mm with respect to the nominal trajectory. The practical consequences of this are negligible and we assume that the centerline and nominal trajectory coincide. The red lines and curves show the perimeter of the magnet iron. The left and right edges of the magnet iron lie on the lines θ = ∓ θ 2 /2, where θ 2 = 9.5763 degrees as given by Bleser [1] . The gray curves are the projections of the walls of the vacuum chamber onto the midplane; these are 82.55 mm from the magnet centerline. The black curves are the projections of the pole and backleg boundaries. Those closest to the centerline mark the pole boundaries; they are 127 mm from the centerline. The outer black curves mark the backleg boundaries; these are 248 mm from the centerline. Here, as before, the dotted violet line is the LTB centerline. The blue curve is the H-minus trajectory obtained by numerical integration of the equations of motion using the field calculated by Meng. The field is assumed to be zero in the channel that passes through the backleg and is assumed to be independent of the azimuthal position on the midplane. The incoming H-minus beam travels along the LTB centerline until it enters the region between the pole and backleg where the field is nonzero. The blue curve ends at the magnet exit defined by the line θ = θ B /2 = π/36. Below this line the field is assumed to be zero. The drift length from the exit of the magnet to the H-minus injection foil in the C6 straight section is 0.2726 m as given by Bleser [1] . Tracking the trajectory through the drift gives position −29.3 mm and angle −2.88 mrad (with respect to the C6 centerline) at the foil. 
